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In eukaryotic cells, the course of the cell cycle depends on correct cytoskeleton arrangement. The cell cycle consists of several 
phases, and in each of them the cytoskeleton has a unique structure and set of characteristics. The dynamics of the cytoskeleton 
together with its binding proteins greatly contribute to progression of the cell cycle. Here, we mainly review recent research on the 
dynamic distribution of the actin cytoskeleton and actin-binding proteins, and the mechanisms by which they affect the progres-
sion of the plant cell cycle. 
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Every eukaryotic cell goes through many cell cycles to pro-
liferate. A typical cell cycle can be divided into two consti-
tutive phases: interphase and M phase. Interphase can be 
subdivided into three phases: G1, in which preparations are 
made for DNA synthesis; S, the DNA replication phase; and 
G2, the phase in which the cell prepares for mitosis. M 
phase consists mainly of mitosis and cytokinesis. Mitosis 
can be subdivided into prophase, metaphase, anaphase, and 
telophase. However, there is some overlap between telo-
phase and cytokinesis because it is difficult to divide such a 
continuous process into discrete steps. The precise mecha-
nisms controlling every phase and the transitions between 
various phases enable cells to monitor themselves and pro-
liferate accurately. Of the numerous factors that have roles 
in regulating the cell cycle, the cytoskeleton, including actin 
filaments or microfilaments (MFs) and microtubules (MTs), 
acts in every phase, forming different arrays and pushing 
the cell cycle forward [1,2]. During the cell cycle of higher 
plant, unique and necessary structures and apparatus formed 
by the cytoskeleton and its regulators have been identified 
and characterized in recent years. The results of many stud-
ies imply that the arrangement and changes in the cytoskel-
eton are highly significant for cell proliferation.  
The cytoskeleton is more dynamic than its name suggests. 
As one of the most ancestral, conserved cytoskeleton genes 
on earth, the gene encoding actin is essential for the survival 
of most cells. Actin provides mechanical support and move-
ment, functions in intracellular transportation, and maintains 
the cell cycle [3,4]. During a typical cell cycle, actin arrays 
are constantly changing and rearranging from G1 of one 
cycle to the G1 phase of the next cycle, pushing the cell 
cycle forward. Compared with MT arrays in the cell cycle, 
MF arrays have received less attention. However, according 
to studies on the effects of inhibitors on MFs, drugs such as 
Bistheonellide A (BA) that inhibit the polymerization of 
actin can delay or even halt the cell cycle [5]. Thus, there 
must be some retrograde signaling in which the state of actin 
organization affects the progression of the cell cycle. In 
higher plant cell, many studies on the functions of the actin 
cytoskeleton during the cell cycle have been carried out 
using classical cell models, such as the tobacco BY-2 suspen-
sion cell line [5–7], cells from different organs of Arabidopsis 
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[8,9]. Here, we summarize some recent achievements in 
molecular biology to show how cytoskeleton structures, 
especially the actin cytoskeleton, control the cell cycle un-
der the regulation of cytoskeleton-binding proteins and 
some related factors, such as small GTPases. 
1  Dynamics of actin cytoskeleton and its  
regulation in interphase and prophase  
As mentioned above, research on the cytoskeleton and cell 
cycle of higher plants has mainly been conducted using the 
tobacco BY-2 cell line, because it is easy to manipulate and 
there are well-developed analytical techniques available. In 
this kind of cell line, there are two types of actin arrays in 
interphase: in the cortex, a finer meshwork of randomly 
oriented elements known as cortical MFs form near or in 
association with the cell membranes [5]; in the cytoplasm, 
large bundles form deep in the cytoplasm near nucleus and 
in transvacuolar strands [10]. Some of the bundles link the 
nucleus to the cortex. In addition, some of MFs form around 
the nucleus, forming “basket-like” structures [6]. Together, 
these structures may have a role in holding the nucleus in 
the correct position in the cytoplasm in interphase, and pre-
pare it for the onset of mitosis. Such preparations include 
breaking down nuclear membranes and moving chromo-
somes into the equatorial plane of the cell for correct posi-
tioning of the spindle. Depolymerization of actin filaments 
by toxins such as Cytochalasin D (CD) and Latrunculin B 
(Lat B) delays the progression of mitosis, suggesting that an 
intact actin cytoskeleton may be required for the normal 
mitosis [11,12]. When the cell enters into prophase, actin 
arrays must change to accommodate and facilitate mitosis. 
The amount of dense interphase cortical microfilaments 
decreases during this phase, according to findings in BY-2 
cells [6]. In late G2 phase, which is also known as pre-
prophase in plant cells, the nucleus enlarges before the nu-
clear membranes break down. During this process, the 
chromatin condenses and a band of microtubules known as 
the preprophase band (PPB) forms in the cortex close to the 
plasma membrane, encircling the cell equatorially [13,14]. 
Meanwhile, as reported by Eleftheriou et al. [15], the ran-
dom orientation of MFs that is found throughout the cyto-
plasm in most interphase cells changes into an arrangement 
parallel to the PPB in preprophase and prophase cells. Many 
studies have focused on the changes in MFs and their rela-
tionship with the PPB. Take BY-2 cells for example, MFs in 
the cortex form a band around the PPB, and have a role in 
narrowing the PPB [13,16]. Myosin motor proteins may 
also be involved in this process, as most eukaryotes have 
this gene for the proteins that generate forces on actin fila-
ments [17]. As shown in root tip cells of Allium, the PPB 
first appears as a wide microtubule band that progressively 
narrows in mid-prophase. When treated with CD, the PPB  
fails to narrow and remains at least two-fold wider than 
control cells [13]. However, different types of cells show 
different phenomena: MFs in the PPB were prominent in 
BY-2 cells as mentioned above, but the same structure was 
not found in Arabidopsis thaliana root cells, even when the 
same GFP-fimbrin actin-binding domain 2 (GFP-fABD2) 
MFs reporter was used [18]. This suggests that actin arrays 
are transient and may form various structures in different 
cell types, or are visualized differently depending on the 
observation methods. 
The PPB is a marker of the position where the new cell 
wall will form [5,13,19]. During interphase, microtubules 
are distributed throughout the cell cortex, but at preprophase, 
they become restricted to the future plane of division via 
selective depolymerization of non-PPB microtubules [20]. 
Even though the PPB disappears at the end of late prophase 
and is not seen again in the cell cycle, the new cell wall still 
forms at the position where the PPB was once located. 
However, some evidences prove that the narrowing of PPB 
might not be decisive in cell wall position determination. As 
reported by Marcus et al. [21], in cultured tobacco BY-2 
cells, PPB microtubules are required for accurate spindle 
positioning, rather than the position of the plane of division. 
In his experiment, the reversible anti-microtubule agent 
Propyzamide was used to depolymerize the PPB before it 
narrowed and then the agent was removed. As a result, the 
spindle formed in the wrong position while the new cell 
wall formed in the position of the PPB as before [21]. This 
result is possibly because the spindle formation and its axis 
confirmation needs the microtubules from PPB, and there-
fore, it was more easily affected by damage of the PPB, 
while, those factors deciding cell wall position could still be 
recruited to the previous place of PPB and guide the new 
cell wall growth [21]. According to this suggestion, PPB 
microtubules must be downstream factors that could be reg-
ulated by other factors decisive in determination of the new 
cell wall, such as different kinases and phosphatases. If so, 
there must be some traces of these factors in the location of 
the PPB. In recent studies, many factors were indeed found 
to localize with the PPB in preprophase and still be there 
after PPB degenerate [19,22–25]. For example, In Ara-
bidopsis root cells, the proteins TON and FASS are local-
ized at the site where the PPB is formed [22,24], acting as a 
base for the formation of the PPB by phosphorylating other 
factors. PPB microtubules are regulated by microtubule 
associating proteins (MAPs), which are controlled by 
phosphorylation and dephosphorylation [26]. TON shows a 
punctuate pattern of localization at the cortical MT array in 
hypocotyl cells, and it may act as a MAP [23]. Then, after 
the PPB initiates, TAN and RanGAP1 are recruited to PPB 
place [25,27]. Those proteins remain at that location (i.e., 
the cell division zone, CDZ) until cytokinesis, and are 
maintained via the actions of POK1 and POK2 [28]. Ran-
GAP is the GTPase-activating protein (GAP) of the small 
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GTPase Ran (Ras-related nuclear protein). RanGAP greatly 
accelerates the transformation of Ran from its active status 
RanGTP to null status RanGDP. RanGAP is conserved in 
fungi, vertebrate, and plant [29–34]. In addition, Arabidopsis 
RanGAP1 is a continuous marker of the plane of cell divi-
sion. It is concentrated at the PPB and retained in the CDZ, 
as well as at the growing edge of the cell plate and the phrag-
moplast [25,34,35]. Its localization in these positions sug-
gests that small GTPase may have a role in the plant cell cycle.  
The PPB is destroyed at the end of prophase or at the be-
ginning of early prometaphase before the cell cycle enters 
metaphase. Metaphase can be divided into prometaphase 
and late metaphase, and prometaphase can be further divid-
ed into early and late prometaphase. In BY-2 cells and some 
other highly differentiated cells, the actin arrays in the cor-
tex change after PPB destruction. After destruction of the 
PPB, the PPB-like band of MFs disappears at early prom-     
etaphase. Soon after the destruction of the PPB-like MFs, a 
break in the cortical MFs known as an actin-depleted zone 
(ADZ) forms at the exact position at which the PPB disap-
peared. This occurs in late prometaphase, and persists until 
early telophase [36,37]. The ADZ also acts as a marker of 
the position where the new cell wall will form, as if it re-
places the function of PPB. From G2 to M phase, another 
structure known as the phragmosome appears. The intracel-
lular cytoplasm supports the mitotic apparatus during M 
phase [38]. The phragmosome appears earlier than the PPB, 
and persists until the end of M phase; therefore, it may act 
as a bridge connecting the PPB and the ADZ. ADZ is a typ-
ical actin missing band in mitosis. An inhibitor of actin 
polymerization, BA, was added to the cell before the time of 
ADZ appearance could destroy normal cell-plate guidance, 
leading to formation of abnormal cell walls with distorted 
wall edges. This maybe brought about by the loss of “mem-
ories” of future division site where ADZ was located [5]. 
However, Sano et al. [39] reported that they found a struc-
ture named MF “twin peaks” (MFTP) instead of finding the 
ADZ, in the tobacco BY-2 cell line BY-GF11, a stably 
transformed line expressing a GFP-fABD2 MFs marker was 
observed over time and revealed that the structure of the 
MFs at the cell cortex during mitosis was in the form of two 
bands. This form of MF distribution was designated as MF 
“twin peaks”. The MFTP originating from the broad band of 
MFs at late prometaphase would function as a marker of 
cytokinesis. The cell plate goes on to form in the exact loca-
tion of the valley between the MFTP [39,40].  
2  Roles of the actin cytoskeleton and its upstream 
signals in spindle formation and positioning  
In interphase, the actin cytoskeleton exhibits a dense mesh-
work structure. However, from late G2 phase to cytokinesis, 
the actin cytoskeleton undergoes successive rearrangements 
[2]. The overall level of actin-bundling appears weak during 
the progression of cell division in the cortex [10]. The size 
and number of cortical and trans-cytoplasmic actin bundles 
is markedly reduced compared with interphase cells [3]. 
The breakdown of nuclear membranes, which is facilitated 
by the dissociation of the actin cytoskeleton, marks the en-
try of the cell into mitosis. During metaphase, actin fila-
ments (or MFs) are observed in the spindle, linking the 
spindle to the cortex and forming a cage-like structure that 
wraps around the spindle, possibly functioning to hold the 
spindle in the correct axis in cell during metaphase [41]. 
Although the function of the MTs is more dominant than 
that of MFs during metaphase, the MFs and their factors are 
also necessary for metaphase spindle construction. A unique 
plant actin-binding protein (ABP) in Arabidopsis, AtFor-
min14 (AtFH14), which is localized to the spindle in meta-
phase, acts as a linking protein between microtubules and 
microfilaments to make the spindle functional in metaphase. 
The mutant line of AtFH14 in Arabidopsis is severely de-
fective in male gametophyte development and leads to low 
pregnancy rate partly because of the abnormally shaped 
spindle in metaphase. Overexpressing AtFH14-GFP in to-
bacco BY-2 cells also leads to failure of turnover of spin-
dles and phragmoplasts. These findings indicate that the 
actin cytoskeleton and ABP have an important role in the 
cell cycle [42].  
Apart from the classical ABP, small GTPase proteins 
such as Ran have important roles in metaphase, too [43]. It is 
well accepted that animal cells contain centrosomes. How-
ever, plant cells lack these central microtubule nucleators 
[41]. Instead, their microtubules are nucleated at a variety of 
surfaces including the nuclear envelope and the cell cortex 
[44]. It was observed that the GTP-bound form of Ran can 
stimulate microtubule polymerization, thus driving spindle 
assembly [45–47]. During M phase, the high concentration 
of Ran-GTP located exclusively in the vicinity of chromo-
somes can release tubulin polymerization factors such as 
Targeting Protein for Xklp2 (TPX2) from their blockers in 
vertebrate cells. This event serves as the initial positional 
cue for spindle formation in the absence of centrosomes [48]. 
A plant TPX2-like protein was also found in Arabidopsis. It 
was able to nucleate microtubules, and relied on Ran for its 
shuffle between the nucleus and the cytoplasm [49,50]. Be-
sides organizing microtubules, in vertebrate cells, Ran is 
also needed for the alignment of chromosomes at the meta-
phase plate. Furthermore, the Ran pathway is required for other 
events in postmetaphase, including chromosome segregation 
and microtubule midbody assembly [51]. Whether a similar 
mechanism exists in plant cells remains unknown [52]. 
3  Dynamics of actin cytoskeleton in anaphase  
Anaphase can be categorized into two phases; early anaphase 
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and late anaphase. In early anaphase, spindle microtubules 
suddenly become more stable. However, the regulatory 
mechanisms involved in this change of microtubule behav-
ior, and the significance of this change for chromosome 
segregation, are remain unclear [51,53–55]. The existence 
of late anaphase, the phase at which approximately 40% of 
the total separation of chromosomes has been completed, 
was clarified in tobacco BY-2 cells using fluorescent pro-
teins and image analyses [56]. Late anaphase, a period that 
can be referred to as the anaphase-telophase transition, was 
also studied in isolated plant endosperm cells of Blood Lily. 
In that system, a new population of actin filaments appeared 
at the equator and contributed to the formation of the cell 
plate before the formation of the microtubular phragmoplast 
[57]. The same phenomenon was also observed in BY-2 
cells: after the separation of sister chromosomes, two bands 
of MFs formed parallel to each other at the site of initiation 
of the phragmoplast, then, the distance between the two 
bands decreased and the phragmoplast formed close to the 
bands [58]. The new cell plate would appear between the 
two bands [19]. Hence, it is clear that the actin cytoskeleton 
is required for the correct formation of the phragmoplast. 
Actin filaments of the phragmoplast are quite short, and it is 
unknown whether they are synthesized in this short format 
or whether they are cleaved into shorter pieces after being 
polymerized into long filaments [40]. Maybe ABPs have 
significant roles in controlling microfilaments behavior in 
anaphase. Then, the cortical actin network stretches along 
the spindle during chromosome migration in anaphase, and 
remains homogeneous during this process. Inhibition of ana-
phase with Colchicine, which changes actin distribution in 
cell, did not arrest chromosome movement [59]. For this 
reason, we can conclude that the F-actin-microtubule inter-
action, as well as other factors, may contribute to the sepa-
ration and movement of chromosomes together, but actin 
itself alone does not have such a decisive role.  
4  Roles of phragmoplast actin filaments in cell 
plate formation during telophase and cytokinesis  
In telophase and cytokinesis, the actin filaments reorganize 
into regular arrays to complete the last steps of one cell cy-
cle. As animal cells have a contractile ring formed by actin 
filaments, in higher plants cells there is a specialized struc-
ture named phragmoplast, which appears in late anaphase 
and assists in the construction of the new cell wall [60,61]. 
The mechanisms underlying the initiation of the phragmo-
plast are not clear. The phragmoplast MTs originate along-
side the remaining kinetochore MTs in the midzone during 
late anaphase, then increase in number and consolidate into 
two short bundles with their plus ends overlapping under 
various kinds of factors, such as MAPs, MACs (putative 
cross-linker between microtubules and actin filaments), and 
bKRPs (bipolar kinesin-related protein) [62]. With the merging 
of the first several vesicles, the new cell plane begins to 
form. As the new cell plane elongating, two parallel bundles, 
each made up of microtubules and actin filaments with their 
plus ends facing the nascent cell plate, form the phragmo-
plast. Here, the MFs in cooperation with myosin transport 
vesicles containing materials for cell wall synthesis. In bud-
ding yeast, class V myosins are involved in the transport of 
membrane-bound vesicles, organelles, and RNAs from the 
mother cell to the daughter cell [63]. For this ability of My-
osin, it has been found in the phragmoplast [64]. In the 
elongation period of the phragmoplast, condensed MFs and 
MTs localize at the edge of the new cell plane, implying 
that these two factors function together in helping the rapid 
elongation of the cell plane. Newly arriving vesicles are 
targeted to the lateral margin of the cell plate, resulting in its 
expansion outward to the parental plasma membrane. Golgi 
stacks accumulate near the plane of division, forming a 
“Golgi belt” [65]. It is reasonable to conclude that Golgi- 
derived vesicles containing materials for the construction of 
the new cell wall are delivered by the phragmoplast to the 
division plane. Membranes in the margin of the cell plane 
first form a tubular structure, and then merge into a planar 
two-layered membrane, with callose between the new 
membranes becoming the new cell wall [49]. In BY-2 cells 
and Arabidopsis root cells, many ABPs were found to colo-
calize in the phragmoplast. AtFH14, which was also located 
in the spindle in metaphase, may have a role in the initiation 
and elongation of the phragmoplast in Arabidopsis due to its 
function of crosslinking MTs and MFs [42]. AtFormin8 
(AtFH8), another plant formin that can bind MFs, was more 
concentrated in edge of the newly formed cell plane as well 
as the new cell wall after cytokinesis [66]. However, the 
detailed mechanism by which it functions in the cooperation 
of MFs and vesicles for cell plane formation remains elu-
sive. In addition, it remains unclear why it is retained in the 
new cell wall after cytokinesis. The same phenomena were 
found in AtFormin6 (AtFH6); AtFH6-GFP fluorescence 
appeared exclusively at the periphery of the cell, and there-
fore, may be associated with the plasma membrane. These 
proteins harbor an N-terminal signal sequence followed by a 
transmembrane domain, which could target them to the se-
cretory system [67,68]. This may imply that ABPs adjust 
MFs and the secretory system to assure formation of the 
new cell wall. Ingouff et al. [69] reported that AtFormin5 
(AtFH5) was localized to the cell plate of dividing root cells 
of Arabidopsis. Two atfh5 insertional mutant lines showed 
compromised cytokinesis in the endosperm cells. 
The small GTPase families are a group of regulators with 
prominent functions in the cell cycle. The ARF family and 
its associated proteins including ARF-GEFs and ARF-GAP 
are required for the vesicles budding and trafficking path-
way [70,71]. AtRanGAP1 localizes at the edge of newly 
formed cell plane [25], which may imply that AtRanGAP1 
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functions in the transportation and merging of the vesicles 
into the new cell plane. This is consistent with its localization 
in PPB, which guides the direction of growth of the new cell 
plane [34]. Therefore, small GTPases may cooperate with 
their regulators, such as the cytoskeleton, to determine the 
site of division and cell wall formation. In late telophase, 
the expanding phragmoplast interacts with the mother cell 
cortex to attach the cell plate at the cortical division site, 
which is marked by the PPB at preprophase [71]. The fusion 
of the cell plate with the parental plasma membrane is a 
complicated process that can be divided into two events: the 
recognition of the correct contact site, and the maturation of 
the new cell wall. These two events are strongly related. 
Classic experiments have demonstrated that when the ex-
panding cell plate was forced experimentally to attach to the 
mother cell surface somewhere rather than the cortical divi-
sion site, the new cell wall failed to mature normally. This 
observation suggested that the interaction of the cell plate 
with the correct cortical division site or adjacent cell wall 
promotes proper wall maturation [72–74]. Thus, there is a 
feedback signal in the contact process to accurately control 
the formation of new cells. The members of this pathway 
should be further studied. Two proteins, AIR9 and TPLATE, 
were reported to participate in the process. In Arabidopsis, 
the TPLATE mutant line showed disoriented and incomplete 
cell walls. In BY-2 cells, TPLATE knock down caused cell 
plates to have diffuse edges that did not attach properly to 
the mother cell [72]. After finish of the new cell wall 
growth, two new daughter cells come into being, and next 
cell cycle would proceed as before. 
5  Conclusions and perspectives   
Different cytoskeletal structures, i.e., the plant-specific PPB 
bands, the spindles, and the plant-specific phragmoplast, 
appear at different stages of mitosis. For the further clear 
understanding of these cytoskeleton arrays in the cell cycle, 
we made a diagram (Figure 1) to show the easy characteris-
tics of the cytoskeletons, especially actin filaments. The 
main roles of actin filaments are to serve as a scaffold for 
the fixation of certain cell apparatus, as a bridge for trans-
porting vesicles to certain places, as a framework to help 
organize mitotic devices, and as an auxiliary tool for the cell 
to divide into two at the right place. As model systems, Ar-
abidopsis and the tobacco BY-2 cell line have provided us 
with many results. Important results have also been ob-
tained by using anti-cytoskeleton drugs. All of these find-
ings indicate the importance of the actin cytoskeleton in the 
cell cycle as well as some factors regulating the actin cyto-
skeleton, such as ABPs. Small GTPases also have an im-
portant role in cell cycle progression: the members of these 
families may be multi-functional because of their property 
as a molecular switch and small molecular weight to ease of 
transport within the cell. However, further research should 
focus on the signaling pathway that connects these factors  
 
Figure 1  The typical cytoskeleton arrays appeared in every phase during one classical cell cycle. Microfilament is showed in green straight line; microtu-
bule is showed in red straight line. As it shows in (a), in interphase, short MFs form the basket-like structure around nucleus, some other bundling microfil-
aments form transvacuolar MFs connecting nucleus and cortex. In preprophase, in (b), MFs form PPB-like actin ring in parallel with PPB in the cell, maybe 
deciding the future cell division site. In (c), cell enters metaphase; MFs form a cage shape that wraps the spindle, holding the spindle in the right axis. In 
cortex, an actin-deleted zone is appeared just as PPB, suggesting the future division site. (d)–(f) shows the typical plant specific apparatus-phragmoplast. 
Phragmoplast shows up in late anaphase, exists in telophase and cytokinesis, helping the construction and position of the new cell wall. It is made up by short 
MFs and MTs as well as Golgi vacuoles and newly formed cell wall. (g) shows the new formed two sister cells, with the same MFs arrays as interphase. 
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to their cell-cycle targets, including cytoskeleton, kinases, 
ABPs, MAPs, and cyclins. In conclusion, there is still much 
to learn about how the cytoskeleton controls the cell cycle. 
In-depth analyses of cell cycle regulation will shed new 
light on cell biology research.  
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